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Ultra-black metamaterials are artificial materials able to harvest all the incident light regard-
less of wavelength, angle, or polarization. Here, we show the ultra-black properties of randomly
aligned hierarchical carbon nanotube arrays with thicknesses below 200 nm. The biomimetic sur-
face morphology of the films provides a large e↵ective area, improving the absorptivity, and the
omnidirectional and polarization-independent suppression of reflectivity. The films exhibit an emis-
sivity up to 99.36% typical of an ideal black body, resulting in the thinnest ultra-black metamaterial
ever reported.
PACS numbers: 61.48.De, 81.05.Xj, 78.67.Pt, 44.40.+a
The concept of a perfect absorber led to the introduc-
tion of a black body cavity and the formulation of the
Kirchho↵ law and Planck radiation law over a century
ago [1, 2]. Those paradigms state that in equilibrium, a
body’s thermal radiation is defined as the ratio between
the energy radiated by it and by a reference black body
(i.e., emissivity). An ideal black body would have emis-
sivity "( , r) = 1 at every wavelength and for each spatial
direction. Real materials, depending on their structure
and composition, also absorb light with to their own ab-
sorptivity A( , r). Thus, the average emissivity of any
real object is less than unity and depends on the radi-
ation wavelength and direction. Incident radiation may
be partly transmitted T ( ), reflected R( ), and absorbed
A( ). Applying the conservation of energy yields the re-
lation 1 = T ( ) + R( ) + A( ). Since for a black body
A( ) = 1, according to Kirchho↵, "( , r) ⌘ A( , r) in
thermodynamic equilibrium. As the black body radia-
tion is isotropic, emissivity and absorptivity must have
the same value for any given spatial direction.
An ultra-black metamaterial [3–12] is an artificial ma-
terial that satisfy the conditions R( ) ⇡ 0, T ( ) ⇡ 0,
and A( ) ⇡ 1. According to the Beer-Lambert law
T ( ) = exp[ ↵( )t], it is possible to eliminate the light
transmission in a material with absorption constant ↵( )
by simply increase their thickness t. The experimental
realization of ultra-black films is then limited by the re-
flection term, and hindered by the inability to reduce the
material’s index of refraction to unity. If this is achieved
over a broad band of the electromagnetic spectrum and
omnidirectionally, optical reflection would be suppressed
entirely. Conventional black materials, such as chemi-
cally or physically treated coatings [10–12], graphite and
carbon black [13, 14], nickel-phosphorus alloys [3, 15],
and gold black [4, 16] exhibit 80-95% emissivity for a
small range of wavelengths due to their moderate re-
flection 5-10%. The problem lies in the refractive index
change at the interface between the material and air. Ac-
cording to Snell’s law, when there is a sharp variation of
the refractive index, high Fresnel reflection occurs. Avail-
able materials for solid films with a refractive index close
to that of air are nowadays rather limited. The realiza-
tion of nanoengineered ultra-black graded-index coatings
[9, 10] has enabled almost complete and isotropic sup-
pression of the reflection.
Films made of vertically aligned carbon nanotube ar-
rays (VANTAs) have recently set the world record as
the darkest man-made materials. They reflect light very
weakly with R as low as 0.045% [4, 6, 8, 17, 18], and
they also absorb very strongly up to A = 99.954% [4]
in the visible (VIS) range and up to A = 99% from the
near-infrared (NIR) to far-infrared range [5]. These two
features make carbon nanotube films ideal ultra-black
metamaterials. However, in order to entirely suppress the
light transmission down to T = 0.001% [4], the VANTA
films need to be thicker than hundreds of micrometers,
which can be detrimental for nanotechnological applica-
tions, such as optoelectronic [19] and optofluidic [20] de-
vices.
Here, we show that thin (⇡ 150 nm) films made
of randomly aligned, hierarchical carbon nanotube ar-
rays (RAHCNAs) are the world’s thinnest ultra-black
metamaterials with 99.36% as upper bound and 98.19%
as lower bound of emissivity averaged over the spec-
tral range 0.2-14 µm. These achievements are due to
RAHCNA hierarchical surface morphology, which pro-
vides a large e↵ective area and a graded refractive in-
dex [22]. The former feature enhances the RAHCNA ab-
sorptivity over VANTAs, as the film absorption length
is greatly decreased and the absorption is broadband
from the UV to IR, while the latter property re-
sults in a broadband, omnidirectional, and polarization-
2independent suppression of the optical reflection, through
the moth-eye e↵ect [23].
Thin RAHCNA films [Figure 1(a)] were realized by
solution processing of single-walled carbon nanotubes
(SWCNTs), as reported in Ref. [22]. The SWCNT
films were deposited on double-side polished Si (100)
wafers and glass slides (Corning) by dry-transfer print-
ing. The realized films are nanoporous (volume frac-
tion f ⇡ 52%), random networks of single-walled car-
bon nanotubes (SWCNTs) with a multi-fractal hierar-
chical surface morphology [20, 22], as shown by Zeiss
Orion Nanofab Plus helium ion microscopy (HIM) mi-
crographs in Figure 1(b). Owing to the particular fab-
rication method of the films, SWCNT bundles with di-
ameters ⇡ 10 nm self-assemble in microstructures [20], as
shown in Figure 1(b), thus realizing a rough and two-fold
hierarchical surface morphology. As previously reported,
these RAHCNA coatings are biomimetic; their surface
architecture is analogous to the hydrophobic rose petal
[20] and the anti-reflective moth eye [22].
Optical spectroscopy in transmission mode in
the UV-VIS-NIR range was performed by Agilent Cary
5000 on RAHCNA coatings deposited on glass slides.
We estimated the film thickness by profilometry (Bruker
Dektak) and Beer-Lambert law [20, 21]. Infrared spec-
troscopy in transmission and reflection modes was carried
out on RAHCNA coatings deposited on Si wafers by Var-
ian 3100 FTIR spectrometer and Varian 600 UMA FTIR
microscope equipped with an ATR objective in combina-
tion with a Ge slide-on internal reflection element (IRE),
and a liquid nitrogen cooled mercury cadmium telluride
(MCT) detector. Ellipsometry in the UV-VIS-NIR range
was performed using a JAWoollam M2000 UI. RAHCNA
coatings for ellipsometry were deposited on Si wafers and
measured at angles of incidence ✓ = 45   80 , and data
was analyzed and modeled by CompleteEASE software
[22].
In Figure 2(a,b), the transmittance T ( ) of several
RAHCNA films with increasing thicknesses from 18 ± 4
nm up to 150 ± 19 nm are reported. The 150 ± 19 nm
thick coating is the thickest measurable sample, as its
transmittance reaches the instrument detection limit of
0.01%. Interestingly, by changing the film thickness by a
few nanometers, RAHCNAs can be tuned to be transpar-
ent or opaque over a broad band of wavelengths from the
ultraviolet (UV) to the VIS and from the NIR to mid-
infrared (MIR) ranges. This is due to the RAHCNA hi-
erarchical surface morphology that provides them a large
e↵ective area, therefore an e↵ective optical thickness [24]
teff ⇡ 20t (see Supplementary Information).
We have reported that in analogy with the moth-
eye surface morphology [22], the RAHCNA film two-
fold surface morphology provides a broadband, omni-
directional, and polarization-independent anti-reflection
property. In particular, SWCNT bundles, which are sub-
wavelength in size, attenuate the Fresnel reflection at
FIG. 1. (color online). (a) Photographic image of the
RAHCNA film 150 ± 19 nm thick deposited on a glass slide.
(b) Helium ion micrograph of the sample tilted at 45  illus-
trating its two-fold hierarchical surface morphology consti-
tuted by SWCNTs self-assembled in micrometric structures.
short wavelengths, while the self-assembled SWCNT mi-
crostructures attenuate it at longer wavelengths. Addi-
tionally, due to the film porosity, such a surface architec-
ture results in an e↵ective medium refractive index gra-
dient neff (500 nm) ⇡ 1.00-1.25 and keff (500 nm) ⇡ 0-
0.10 (for f = 0-52%), thus suppressing omnidirection-
ally and for any light polarization the optical reflection
[22] (see Supplementary Information). Also, we demon-
strated that the reflectance of such films is purely specu-
lar, since the characteristic size of the SWCNTs (i.e., the
bundle diameter) is much smaller than the wavelength
of light, thus the di↵usive reflectivity may be neglected
[22] (see Supplementary Information). In Figure 3(a),
the reflectance R( ) of the RAHCNA coating 150 ± 19
3FIG. 2. (color online). Transmittance of ultra-black RAHCNA films. Experimental transmittance in the UV-VIS-NIR (a) and
MIR (b) ranges of the films with thickness 18± 4 nm (red solid line), 32± 5 nm (blue solid line), 46± 6 nm (green solid line),
60 ± 7 nm (orange solid line), and 150 ± 19 nm (black solid line). (a) The SWCNT ⇡-⇡⇤ surface plasmon resonance can be
seen in the range 250-350 nm, along with the excitonic transitions in the interval 300-1600 nm. The surface plasmon resonance
progressively disappears as the sample thickness is increased, confirming the superficial nature of the resonance mode. (b) The
SWCNT G± and D phonons can be observed in the range 3-7 µm.
FIG. 3. (color online). (a) Experimental reflectance for unpolarized (black solid line), s-polarized (red solid line), and p-
polarized (blue solid line) light. (b) Experimental reflectance at a wavelength   = 500 nm as a function of the incidence angles
45-80  and for unpolarized (black dot), s-polarized (red dots), and p-polarized (blue dots) light. Solid lines are the best fits
generated by the ellipsometry optical model.
nm thick for unpolarized and polarized light is shown.
Figure 3(b) reports the reflectance of the sample at a
wavelength   = 500 nm and as a function of the angle of
incidence, for unpolarized and polarized light. Since the
film has T ⇡ 0 there is no thin-film interference with the
substrate, thus the reported reflectance spectra represent
the RAHCNA Fresnel reflectivity, being independent on
the coating thickness. From the reported spectra it may
be inferred that the RAHCNA films have a very low re-
flectivity over a broad band of wavelengths and a wide
range of angles of incidence ✓ > 60  (i.e., omnidirection-
ality). The reflectivity in the spectral range investigated
is as low as 0.2% for unpolarized light and s-polarization,
and 0.1% for p-polarization. In particular, the reflectivity
values for both the s- and p-polarization are less than 5%
below ✓ = 65 . Notably, for p-polarized light, the reflec-
tion can be reduced below 2% for ✓ = 45-80 . Therefore,
the samples appear quite insensitive to both the angle of
4FIG. 4. (color online). Calculated absorptivity in the UV-VIS-NIR (a) and MIR (b) ranges of the films with thickness 18± 4
nm (red solid line), 32 ± 5 nm (blue solid line), 46 ± 6 nm (green solid line), 60 ± 7 nm (orange solid line), and 150 ± 19 nm
(black solid line). Absorptivity in the UV-VIS-NIR (c) and MIR (d) ranges of the film 150±19 nm thick for unpolarized (black
solid line), s-polarized (red solid line), and p-polarized (blue solid line) light.
incidence and light polarization.
The absorptivity spectra of several RAHCNA films
with increasing thicknesses from 18±4 nm up to 150±19
nm were calculated by the relationA( ) = 1 T ( ) R( )
and are reported in Figure 4(c,d). As depicted in Figure
4(c), the absorptivity of the thickest RAHCNA coating is
broadband, achieving an average value over the full spec-
trum investigated of 97.55± 1.17% for unpolarized light,
96.32±1.76% for s-polarization, and 98.77±0.59% for p-
polarization. Moreover, as the RAHCNA films are omni-
directionally anti-reflective [Figure 3(b)] we can consider
the absorptivity as isotropic. Since for the Kirchho↵ law
the absorptivity equals the emissivity A( ) ⌘ "( ), it fol-
lows that our thickest sample is ultra-black with 99.36%
as upper bound and 98.19% as lower bound of average ab-
sorptivity/emissivity over the spectral range 0.2-14 µm.
It is worth noting that the RAHCNA film thickness of
⇡ 150 nm is only 0.02% the thickness ⇡ 800 µm of the
world’s darkest VANTA film [4], while their upper bound
value of average absorptivity di↵ers by 0.59%. Hence, our
RAHCNA coating is the world’s thinnest ultra-black ma-
terial ever reported.
In order to provide further evidence on the RAHCNA
black body behavior, we calculated their spectral absorp-
tivity defined as
Ea( ) =
A( )I( )R
I( )d 
, (1)
by the Planck law [1]
I( )d  =
2hc2
 5
d 
ehc/ kBT   1 , (2)
for a black body irradiance spectrum at T = 5777 K,
which is analogous to the solar spectrum. In Figure 5,
the progressive evolution from a grey body (0 < A < 1)
5FIG. 5. (color online). Calculated spectral absorptivity of the
films with thickness 18±4 nm (red solid line), 32±5 nm (blue
solid line), 46 ± 6 nm (green solid line), 60 ± 7 nm (orange
solid line), and 150 ± 19 nm for p-polarized light (magenta
solid line) in comparison with an ideal black body at 5777 K
(black solid line).
to a black body (A = 1) can be observed, as the
RAHCNA coating thickness is increased. In particular,
the spectrum of the film 150±19 nm thick for p-polarized
light is in good agreement with the black body spectrum.
Therefore, it is possible to state that the sample acts
as an ideal black body with an upper bound average
absorptance Ea ⇡ 62.6 MW/m2 with respect to the
sun, according to the Stefan-Boltzmann law for grey
bodies Ea = A T 4 [1]. For instance, the typical solar
irradiance on the Earth’s surface under AM1.5 condition
is Ee = 100 mW/cm2 [25], corresponding to a black body
spectrum at Tsun = 364 K. The rate at which heat is
transferred to a 150±19 nm thick RAHCNA film of area
S = 2 cm2 under solar radiation at room temperature
is Q˙ = S (T 4sun   AT 4RAHCNA) ⇡ 108 mW. Therefore,
all the thermal radiation is dissipated in one second.
The corresponding rate of the film temperature increase
under solar illumination is (Tsun   TRAHCNA)/Q˙ ⇡ 0.59
K/mW. With a room temperature and atmospheric pres-
sure thermal conductivity k ⇡ 10 6 W/mK, RAHCNA
films are thermal insulators even better than vacuum
insulated panels (k ⇡ 10 3 W/mK) [26].
In conclusion, our results give insight on the ideal
black body properties of a carbon nanotube ultra-black
metamaterial, which may be employed in a wide field of
applications such as solar cells [19, 27], optical shields
[12], light and thermal sensors [5, 8, 28], heat sinks [11],
light emitting diodes [29], and optofluidic devices [20].
For instance, a hot RAHCNA film with ideal black body
behavior would realize a very e cient infrared heater.
Furthermore, RAHCNA coatings could be valuable for
heat dissipation in space or in vacuum where convective
cooling is negligible [30]. Moreover, RAHCNAs could be
necessary for photovoltaic and light-sensing applications
that generally require low optical reflection, and high
and broadband absorption over the UV-VIS-IR interval.
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